INTRODUCTION
The study of the influence of nitrogen and air content on the production of liquefied methane is of great importance for the development of new technologies in the field of LNG or alternative liquid fuels, such as the bioLNG (or liquefied biomethane). Nitrogen is a classical natural gas impurity, usually treated only after liquefaction in the Nitrogen Rejection Unit. The interest on biomethane as an advanced liquid bio-fuel has grown over the past decade, driven by decarbonisation objectives in recent energy policy. Raw biogas produced by anaerobic digestion of organic substrate (agricultural wastes, water treatment and landfill wastes) is mainly composed of methane and carbon dioxide. In some cases air is present in the raw biogas: in biogas produced in landfills (landfill gas), which is originated by spontaneous degradation of organic substances present in wastes, air is seeped into the biogas pipes during the collection process and can represent up to 20% of the volume fraction. Also in the biogas digesters some air can be injected (up to 8%) in order to reduce the hydrogen sulfide production through bacterial oxidation, the so-called biological desulfurization.
Liquefied biomethane is produced at temperature similar to the Liquefied Natural Gas operating conditions, but at lower pressure, usually lower than 3 MPa. During the liquefaction process, CO 2 solidification may occur from both the vapor and liquid phase. The prediction of solid formation conditions from vapor and liquid phases is thus of essential importance for the design and simulation of the liquefaction process, in order to avoid uncontrolled solid formation. Solid CO 2 solubility in liquid and vapor phases can be calculated by means of appropriate thermodynamic models able to compute the phase equilibrium involving a solid phase.
Nevertheless, phase equilibrium measurements are needed for the regression of model parameters and for the validation of the model.
A large number of experimental studies provide the CO 2 solubility in liquid and vapor methane in the range of interest, going from the boiling temperature of LNG/bio LNG at atmospheric pressure (around 110 K) to the boiling temperature at liquefaction pressure (around 180 K), and some studies also provide the solubility of carbon dioxide in nitrogen and oxygen, as shown in The composition of the phases at SLVE does not depend on the global composition of the system for a ternary system at given T and p. From the study of the ternary phase diagram, one can observe that for assuring that a multicomponent system containing methane and carbon dioxide does not present the risk of solid formation at given temperature, pressure and global composition, it can be not sufficient to check the solubility of the carbon dioxide in the liquid phase. In Figure 1 , point A represents a mixture with CO 2 content lower than the CO 2 17, 21 . Recently the apparatus has been used for determining solid formation conditions 22 .
A scheme of the apparatus is represented in Figure 2 diameter, 2 mm internal diameter, length depending on the system to study, made in Silcosteel), is used for separating the mixture components in the gas chromatograph. Operational conditions of the GC are resumed in Table 2 . The CO 2 content in fluid phases at low temperature SLVE is expected to be in the range from 20 to 10000 ppm. The Thermal Conductivity Detector (TCD) is not sensitive enough for revealing the lowest CO 2 quantities in such a range. As a consequence, the detection of small amounts of CO 2 is performed by a Flame Ionisation Detector (FID). Since the FID cannot directly detect CO 2 , a methanizer is installed for reducing CO 2 into methane, which can be detected by the FID. The methanizer is a U-tube containing nickel catalyst and kept at 300°C for allowing the complete conversion of CO 2 into CH 4. The four gases used in this work are provided by Air Liquide with declared purity of 99.995%, except for oxygen with declared purity of 99.999%.
Experimental procedure
A static analytic approach is used for determining the SLVE data at low temperature for the N 2 -CH 4 -CO 2 mixture and N 2 -O 2 -CH 4 -CO 2 mixture. In order to determine temperature, pressure, liquid and vapor phase compositions at SLVE conditions, the adopted procedure is composed of three main steps: the loading of the cell, the cooling program for reaching the desired temperature where solid is expected to form, the composition analysis of liquid and vapor phases.
Once vacuum is obtained into the equilibrium cell thanks to a vacuum pump, the mixture with desired composition is loaded into the cell at ambient temperature. Each pure component is loaded into the cell separately from a gas cylinder. The cell is then isolated and the magnetic stirrer activated for assuring suitable mixing in the cell. Once temperature and composition in the equilibrium cell become stable (i.e. their variation in time is lower than the experimental uncertainty in measuring these quantities), the global composition of the loaded mixture is determined by GC analysis.
After the loading of the cell, the Dewar is filled with liquid nitrogen at the half of its volume, avoiding the contact between the bottom of the cell and the liquid nitrogen. The temperature and the pressure inside the cell are continuously recorded and the system is cooled down by setting the temperature regulator. A first rapid cooling is performed down to a temperature set 5 K higher than the expected solid formation temperature. When the system stably reaches this temperature, a second slow cooling is executed setting the temperature regulator to 146 K. The cooling rate is set to 0.5 K/h, and once the temperature is reached, the system is kept at stable temperature for around 48h, checking the stability of pressure. At the end of this period, vapor and liquid phases are sampled for the composition analysis. A series of different samples are analyzed in order to assess the repeatability of the composition measurement. At least two series of samples are taken and analyzed at significant time distance for assuring the stability of the composition. Once the procedure for liquid and vapor phase composition measurement is successfully completed, the Dewar is refilled with liquid nitrogen and temperature is slowly decreased setting the temperature regulator to 132 K with same cooling rate (0.5 K/h). The system is thus kept at stable temperature for around 48h, and composition analysis of vapor and liquid phase is performed following the procedure previously described. After that, the Dewar is refilled and temperature is decreased setting the temperature regulator to 125 K with same cooling rate (0.5 K/h) for another composition analysis. The temperature of the cell is then let increasing up to ambient temperature for evacuating the cell and loading a new mixture. The procedure is repeated for four different mixtures, with compositions reported in Table 3 . 
with:
where z CO2 is the global CO 2 mole fraction of the loaded mixture (known), y CO2 and x CO2 are the measured CO 2 mole fractions in the vapor and liquid phases and V, L and S the mole fractions of vapor, liquid and solid respectively. The solid phase is assumed to be pure CO 2 . Being z CO2 significantly greater than x CO2 and y CO2 in the measurements performed in this work (see Table 3 and 
Model for SLVE calculation
Obtained experimental values can be compared with data from literature, when available, and with model results. The approach chosen for modeling the SLVE is the isofugacity of the solid former component in liquid ( ), vapor ( ) and solid phase ( ), which can be assumed as pure CO 2 .
Where T is the temperature, p the pressure, x and y the vectors of compositions of the liquid and vapor phase respectively.
The fugacity of the solid phase can be calculated from the model developed for the solid CO 2 by
Jäger and Span 23 . The advantage of this model is that the fugacity of the solid CO 2 can be directly calculated from the EoS, without any derivation from a hypothetical subcooled liquid fugacity.
The suffix 0 is for the reference state, taken in this work as ideal gas at and . is thus the ideal gas Gibbs free energy, which can be obtained from the reference quality Eos for pure CO 2 , reported in Kunz et al. (2007) 24 .
It has been chosen to compute the fugacity of the fluid phases from the GERG 2008 Equation of
State (GERG 2008 EoS), providing high accuracy in representing phase equilibria and thermodynamic properties of natural gas type mixtures in liquid and vapor phases 24, 25 . In this work, the models for both the solid and the fluid fugacities have been used with the original parameters available from the literature [23] [24] [25] . Density is calculated by the model presented in section 3.2. Dotted lines have the only purpose to connect the symbols in the same series in order to highlight the trends.
